Abstract We study the thermopower of a junction between a metal and a strongly correlated semiconductor. Both in the electronic ferroelectric regime and in the Kondo insulator regime the thermoelectric figures of merit, ZT , of these junctions are compared with that of the ordinary semiconductor. By inserting at the interface one or two monolayers of atoms different from the bulk, with a suitable choice of rare-earth elements, very high values of thermopower may be reached at low temperatures.
Introduction
New thermoelectric coolers and power generators are under massive investigation [1] . The quality of the material needed in a thermoelectric device is defined by the dimensionless figure of merit ZT , where T is the absolute temperature, and Z is expressed in Eq. (1) in terms of transport coefficients. Currently, the highest value of ZT , which is ∼1 at room temperature, is found in Bi-Te alloys [2] . New devices would be competitive with traditional refrigerators if ZT were about 3 ∼ 4: the major lack of high-ZT materials is at temperatures below 300 K.
In this paper [3] we propose a junction of metal and strongly correlated semiconductor as the basis for a possible efficient low-temperature thermoelectric device. This system embodies previous intuitions that were recognized as fruitful [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] in different materials/devices such as rare-earth compounds, superlattices, and metal/superconductor junctions. We now outline these concepts and briefly review the related literature. From the definition
where Q is the absolute thermopower (Seebeck coefficient), σ the electrical conductivity, and κ e and κ l the electronic and lattice part, respectively, of the thermal conductivity, it follows that an ideal thermoelectric material should have high thermopower, high electrical conductivity, and low thermal conductivity. Semiconductors seemed to have the optimum collection of these properties, in contrast with metals, which have high σ but low Q, and insulators, which have high Q but low σ . However, in the last thirty years no substantial enhancement of ZT beyond ∼1 has been obtained. A breakthrough came with the synthesis of new materials such as filled skutterudites, which have nearly bound rare-earth atoms, closed in an atomic cage, whose "rattling" under thermal excitation scatters phonons, dramatically reducing κ l [4] . More generally, heavy atoms in compounds help with lowering κ l . Mahan and Sofo [5] also showed that the best bulk band structure for high Q is one with a sharp singularity in the density of states very close to the Fermi energy. These results provide the first idea in the search for the best thermoelectric, namely to look at rare-earth compounds as major candidates. In fact, mixed valence metallic compounds (e.g. CePd 3 , YbAl 3 ) show high values of Q, but at the present time no useful value of ZT has been reported [17] .
The second idea is that the best thermoelectric must have an energy gap. Because in ordinary semiconductors the optimum band gap is predicted to be about 10 k B T (k B being the Boltzmann constant) [6] , one is led to consider smallgap semiconductors for low-temperature applications. If the chemical composition of semiconductors includes transition metals or rare earths, conduction and valence bands are frequently strongly renormalized by correlation effects, forming a temperature-dependent gap (see Fig. 1 ): this is the case for mixed-valent semiconductors, usually cubic, whose relevant electronic properties may be modeled by a f -flat band and a broad conduction band, with two electrons per unit cell [18] . This class of materials consists of two subclasses: The first is the Kondo insulator, characterized by a very strong Coulomb interaction between electrons on the same rare-earth site, usually described by the slave boson solution of the Anderson lattice Hamiltonian [19, 20] . Mao and Bedell predicted a high value of ZT for bulk Kondo insulators (the lower the dimension, the higher the value) [7] : however, some experimental reports seem to exclude this possibility [21] . The second, called the electronic ferroelectric (FE) [22] , consists of semiconductors with high dielectric constants, such as SmB 6 and Sm 2 Se 3 , and it is modeled by the self-consistent meanfield (MF) solution of the Falicov-Kimball Hamiltonian [23] . The ground state of the insulating phase is found to be a coherent condensate of d-electron/ f -hole pairs, giving a net built-in macroscopic polarization which breaks the crystal inversion symmetry and makes the material ferroelectric [22] .
Another useful observation is that ZT is expected to increase in quantum-well superlattices, due to the modification of the density of states [8] [9] [10] . Moreover,
